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snl.,~-lJlf)F’ .Qlll.YSIS OF A RACK-PRESSURE CtlECK VALVE

J. R. ~ravia

Theoretical Division, Group T-3
University of California

Los Alamos National Laboratory
LosI Alamos, Sew Hexico 875h;

The SOLA-LOOP ccmputer code for tranalent, nonequilibrium, two-phase flows in networke has been coupled with

a qimple valve mostel to analysis a feed-water pipe breakage with a back-pressure check valve. Three tests from

the Superheated Steam Reactor Safety Program Project (PRDR) at Kahl, l~eet Germany are analyzed, and the calcu-

lated transi~!rt hack-presJure check valve hchavior and fluid dynamicj effects are found to be in excellent ~gree-

-wqt with the exoerinentallv measured data.

I. I’:TRO!)L’CTInN

%o~Ild a feed-water pipe in a nuclear power plant hrdr, the feed-water back-prea!ure check valve has the
f!!nction of limtti!]q ttie 10s9 of coolant. Tha check valve ?r,:tt close qwicklv

~l,lt4 cones to rest in IS ver!~ short period of time.

, with the result that the esc,l~inq
Forces are developed in the pipe by the raoid cloq,lre of the

valve that ‘nay lead to stresses of consider.qhle magnitude on the valve, pipe and sunports. The so-called “flst-
slow’q feel-wister !rack-nre9eure check valves have been ~+esipned to solve this uroblem. Theqe valvea ha’~e In OP-

timtzed lamnin~ mechanism ao that the la~t part of the cloqure stroke is very S1OW, thus mininfzinq t?e ‘~lcer-
ba-mer effectg.

An experimental performance artalvsts naa been conducted [1] by the PIIDR of the :<ernforsc hungszent rum in

Yarlsruhe utilizing a full scale previou91v operlttonal qin,qle loop Dresnurized water reactor facilfty. The

$erman !zlowdown experlmenta, with whtc!l we are to ctmirmre the SOLA-LOoP calculated results, conqisted of t}lrtac’

teqts. It was the oajective of these test~ to investigate the cloqu-e of the feed-writer back-nres~~lre c~eck
vtlve and the fluid rlynanic~ in the pln{n~ network following a sudden pine rupture.

TI. N“511VC’:TAL FACILITY

The pipe system llsed for the ‘Jlowdown exnerimentm, includin~ the auxtliary devices, is show iII F{?. 1. 71c

qte,ldy state flow oath leads frorl the S-connector (3) of the reactor oreasure veg~el (1) throuq+ a W!l-qlllnc,i
fittl.1~ (13), the q,lction-~ide shut-cff gate valve (6), the circula?iarr pump (7), the quick-sction Stop ‘JJ1$$C’

(5), the T-fitttnR (12), the mensurlnn ring II (10), the experimental clack valve (4), ~nd measurinq rint : (9)
‘-IIck to the reactor presqure tank (1). On tbe other side of the T-filling (11), the rupture connector ~J~ CIII-

nccts with the rllnture di~k device ssnd the measuring rinu ITI (11).
,\tthe initialization of the flow conditions, the circulation pump eat~blishcs n flow rtte of apprmxi:~.itcly

lI$IJ~ 13/h, which rorresponde to n averaRe ntea4; stato flow velocity of roughly 4.0 m/s In t’le pipe loop! \t !~:t,

-vment the rllntllre disks break, the circulation pump (7) is %hllt off, and the quick-action stop VOIVC (;J \IIq t~!c

function of cloqing off the S-loop in ahout 1 s. M s further shllt-off device in the S-1OOP, thcr(’ (q 1~~11 I

qhut-off Rate valve (6) which takes shout 2 min to close.

TO inttinte the hlowdown, the pre~sllre between the two rupturp ,Iiaks is ‘r.alsed nulcklv qn that t+c ,Illtcr
iisk is blown ollt the ●nd of the pipe. This results in n larR? prebqure differenti,tl across tho Inner r(lntllru

4isk And it 1s ~leo blown out. The rr{pe crosn-section is complf!telv opened within 3 mst
The exner.,lental vnlve is a feed-water hack-pressursi check vnlve with hydraulic ●nd dnmpinr. F! cure 2 ~+owq

t$e c+eck vnlve in the horizontal plane of the Pipenxi~M ‘.t1* installe4 in the ●x~erimentnl Wlwr’lf’lted +t)’l”
renctor plant. The valve appnratlln in instfillod in the hxialnu nt an an~le of 43 degrees, wtth the w>vi$l,~ ‘?lI’;,
head (K) and the dampln~ piston (!3) both rigidly connected to t~le spindl~ (S).

l’~on hlowdown, the normal flow shown in F{uc 2 from left to ~tg+t ts revstroed and the valw bend ‘wwq frr~’*
t+e nnen position SIIOWI tn the rinsed ponitinn with the valve hoar! seatlnR in the vnlvt t$ronr. T?I* mlt[ol 1.

qt flrqt fant hut in its finnl phase much slower as Anmplng bcgino an soon .qs the annular Q.E hctwecn the cylln-
dur nn.i the rfamninq piston narrow~ to a .ennll width an tha damning nlatnn lowere. FIRure ‘1 showq the d.!nr)il,’ !O-

sign with th~ gentla taper between the lar~er cyllndrtcal dinmeter (verv little dnmp{nq) to tle qm.lller rvlll+rl -
Clml diametar (maximum flampinr.)g The valva head cloaittiq r.ste denenits on the resi~tance the fifrn’ltar WIn nre~olts
to tha ?1OW of tinter from thm chamher undar tha piston. For cxperim~nr,s V60.1 and \’6fI,2 the finmllnr ,IIP is n.~
m?, and experiment W).3 han on annular gap equal to 1.3 mm. Lemn flm rc~intfince, for ●x#nple, c,~n !MI lIILIl,I,I~!

Into tht dampln~ phane by incrcmsln~ the nn~uslar Map width or by decraasinR th~ routrhneas nf tllo .lnrl~ll.lr
qurfaces,

111) r)ESCRIPTIO!l OF Tl{l? TIIV)RETICAL MODEL

The 50LA-LW)P [2] cn?lplitrr code has hem utilizad to caicwlate th~ flow in t4e pipe network ~hown 111 ~i’:1 i,
$OLA-LWp {S a nnphlsticnted y~t fairly q(mple, vary USUr fricntfly, highly flexiF.\@ computtiy c!od~ for tran$l~’ltl

nonenlitlihrl~lm, two-phase flow in P ~works, Itnch component mav hAvn n one-rfime,~~tonal rdpreq~nt~tion with ‘vlrl,l-

hle cross-qectlonnl aron, Tho flow dvnamics it govern~d hy s sat of nnnlln-ar cofiservat[on lJWS h~<ed on I :o~-
eralified drift-flux model for two-phase mixtwr?s, The ●quations aro solvod by a pnrti~)lv implicit flnlte-
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difference mettod (ICE: Implicit Continuous-fluid @lerian [31) that can use different time steps in different
components. The complet= equatio~s and constitutive relations describing interphase tranafers of maas, momentum,

and ener Rv, as well as the details of the numerical %olution technique can be found tn Ref. 2. For the purposes
of this paper, only a brief sketch of a reduced form of these equations ia given here.

At the flow rates of interest, it is anticipated that the relative velocity between phaaes will be small.
Therefore, for this discussion we asaume that the two phaaes comprising the fluid mixture move with the aama av-
erage velocity.

In the case of equal phase velocities (mechanical equilibrium) ●nd equal phaae temperatures ~thermal equi-
librium), the governing equations for the two pnaae mixture density, p, velocity, u, and internal energy, I, re-
duce to

~+la
at ~#Aw)-o , (1)

(2)

(3)

,ihere \ is the time-(ndependen:, ~loa9-~ectional area of the flow channel or pipe. Local flow I,>ssea from rapid

Srea chanues are accounted for by adding the necessary press.lre loaa and energy dissipation to Eqs. (2) and (3)
ctlrouflh the terrla fvie Ind !Jvis, respectively. In addition, the term fvis accounts for pressure losses due to

pipe w,I1l friction. These equations must be supplemented wtth an equation for the macroscopic vapor density, Jv,

20
2+
at ++-(AOVU) u r , (4)

where : is the rate of production of va}~or mass per unit volume and time. For th+! rreaent study, we h.lve Jssurmi
thnt the vapor and liquid temperatures are both equal to the saturation temperature (thermsl equilibrl,lm). T+{*

is accomplished by choosinR a vapor production rate of the form

r - c(~t - Ta) , (5)

where T and T
k

“ are the liquid and saturation temp.~ratures, respectively. The coefficient, C, ts set sllfFicil*nt-

lV lame to insure a larRe vn~)or production rato to nrorluce ncarlv continuous quilihriurn gtates In w!Iich the
liqIIid, gaa, and q~t,lration temperatures are the ~am~. This development lendn to what ta commonly callcrl t+,,
hnno~eneoua ~quilibrium ~otlel (Hfi’t).

In order to include the dynamical eff~ct of the back-pressure check valve on the fluid dvnamlcs, it is nec-
es~,~rv to couple a valve model to 5fILA-LOOP. Thin couplinR is accomplished with Sf)LA-LOfIP aupplyinR tlme-du:,i,,ll-

ent flllid velocities, Aenoitico, ●nd pressures to the valve model, ●nd {n return, the valve model cnlrul,?teq J
time-denendent valve hearf poattion (atroka), w4ich la used to determine the reqiatance to flow throunh tOe vllv~.1,

The equilibrium of forcen on tha valve head is established by the acceleration, the pressure force of tOo
fluil, the damping force of the valve, the gravitational forca, aa well ae any external actuatinR fnrcm and~nr
~prinR sur .ort of the movement of the valve. This force balance for the valve model is given hy

where the forces are! (i) pressure force, (2) hydraulic damping fo~ca, (3) external actuatinR force, And (.)

Rravitatlonal force,
The dynamical hohavlor of the check valve influences the fluid dynamicn through a pressure lone 11) t$e fviq

terra la Eq. (2). This preooure 10SO la represented, An ■ gv(~oV2), where p and \’ are the upntre~rn flutl den~ltl’

find velocity, respectively, anrl [V in tka valve position depandent flow loan corffic~ent, Th@r@ .tre two way~ of

accountln~ fnr thin prensura lone, The flr~t la to sum the effects of actually c+,tnqinn t~)e sren ripen to flt~w 11



ths Ieg’1 cell represented the value and addina a preaeure 100S ouch that tha total loss from the time deFcndent
tarea chnnqe plus the added presnure 109s ●quals the denired total preeaure loss. The second mathod is co derive

the ~~~e pres~ure loss by ign~rin.s the area change and simply modeling a functional pranaura loss. ~Je have

elected co make use of the second af theme methods :+cauae the numerical 10SE aosoc~aced with physically changing

the ,Irea is not well known, gnd for the second method,it in niaply ● matter of being conalotant in choosing the
flow 10ss coefficient and velocity poaitionc Raference 4 lists steady ntate values for thin resistance coeffi-

cient ,ae 1 function of the valve position or mtroke. We have found in comparinono with data from the rhr?e ex-

nerinentq iimcus~ed in the next aeccion that these steady acato rasiatances are leas than what are actually

necde,l. It hag been shown [5] that with decelerating flow9, the realstance in appreciably mre than for the

~1.livalent 9tea4y gtate. This in consistent with our findings, and therefore, has lead us to devalop our own
poqicion dependent flow 10SE coe~ficient baaed upon the unsteady trartniant ●xperimenca discua~ed in the Text
qecclon.

Tile teg~ para~eterg for the th~~e t.ato are as followq:

~,’6,1m 1 - Test with normal BW17 - deotgn conditions and with near optimized damping in the check valve.

,;film: - Test with the ~Aw check valve dampinR am in Vfifi.1 but with stronger thermodvnamlc condiciong due to
t+e cold water in the ce~t pipe.

,,’fi>,? - Test with normal B’J’!I - riegign condition but with raduced dampinR in the chack valve.

T+F hnuni~ry and initial conditions are:

le,l:ch of the test pipe

di~metcr of the teat pipe

Ihmecer of the ruptllre nozzle

nre93ure in the ve99el

r:nperature in the ve99el

te,lperature in the pipe

vkn,l ar,d V61~,3

vhn,?

vqlve no9ition

15.11 m

371.4 %m

$53.’-I mm

70.0 bar

2’35.O”C

!n Figs. L, 5, and 6, the time history of th? velve po~ition, there is an ~lndomped run from tho Inltl II ;N)-
~lti,>n to roug+lv 7$ mm. At that time (approximately fl.n3 s) the lnnular Rap has jecreased so t’]ttt ‘I’:drllll[c
llnpin~~ become+ important. This is ●videnced by the drammtic change in the glope of the cloqlnQ (’lr\’c9, It Icl.t

!n t~qts l’~n.l snd l’An,2, in an atttmpt to ooften or ❑inimize the water-hammer effect. In tcqt i’~rl.l t’)c ,loslr.,
rice i- largaly unaffected bv dampinR, nlthnugh it ig noted that there i~ n ~light ~lopa changr JC ‘t m ~Jr
‘,,I’J q qg Wellt As the valve continues to clooe, there is another chanRe in the cioslng curve slonc for ‘:~’~.l
.lld ‘.’6n,* .It anproximacely ff m (n.15 s) or Juut bsfore the curveo become linear. For I%n.1 the l!n,~~r n,r![ J?
nl’ the rloginfl cllrve doom not start until the valve ham clooed to shout 45 mm nr rougflv n.1 s. ?rferenc~ ! Itqt<

L+e clo~inq timen of 605 m~, ~qfi mo, and 14$ mc for V6fl.1, V611,2, and [’60,3, respectively, Iq thc~e ,ro~nlrlsm,lq

anl the ona~ to follow, t+e calculated curves hre dernignntad with trian~leq whtta the rnpaqtjred e~norl-,,nt 11 !,1! \

~rv ~?own !Inmlpkedi
‘re,lrnure hi~torite just upstream of the valum for the three experiment~ and c~lcui,lt ions ,]re pr(~~.vtud iv

‘1~~1 7, q, nnd 9. Tha rsthar -harp pres~uro epike at 17.93 n for nll three ●xperiments iY a result of the l!I,I
In the clnsinn c~trve slope at thnt time, Additionally, thera nra local preeoure m,nximn colrw~nonilnq 1? tl-e !.)
t~e nthr clcsing cllrv~ alopaa chanfla~, namely fJ,15 s for V60.1 (FiE. 7) and V6~,2 (Fig. q) lrtrl n,l s for ‘VJI’,1
(riq. ?). !hrollRh the linaar portion of tho ?losin@ curve until the valve to actua~l!~ clogad, then iq r(’lJtiv~’-
1V very little pre~nura channel howevar, ●fter closing, tho wntar-hamrner effect in dramatically shown l,) III
thra+ ●xporimento. ?nr teots V60.1 (FiB, ?) ●nd V60,2 (Fi#. 8), this water-hammer is in the ncigh5nrhool of I I -

11 hors, whtlc in v60.’I, whoro the closur~ rate in lar~cly unaffected by hydrnulic damriinq, and conocq,]cnlly, t’,:
vat~r-h~nfltr is vary pronouncn ●nd clooar to 70 bars, The watar-hamner ot l/fI period pressur~ wives ore SCI ,1P

in t$e isc,latod pip. becwesn tha cloc~d valva ●nd the presnuro vessel. Thaoa waven are rnhown to decay in LIWI.
l)re~gjrc tietoriaa on tha downqtrarnm mid~ of the valva ara pr~sonted in Fiat. ln, 11, nnd 12.

trens~.tnt of rouMhlv 0.1 s,
F\ fter th? i!litl~l

tha firtt cioning curve chanRe of alopo in reflected in the sharp epikc It ‘“.’l~ 9,

the pru~cures tluickly apprnach their ~nturatad valuas corresponding to the liquid temperntllra. :1,1ss flow rit~
mannllroment9 ●t maaouri,lR ring I (Flgt, 13, 16, and 13) gxhibit an initial f~~lid acc~leration tt,roilp+ CI:U :.lIv,.

(times < C.1 s) and then dec~leration as tho flow rasistanca increasaa corr,spnnding to the valve clo~lnx,
Racall tfiat tho dlffergnca betwaan ●xpgrlmcntm V60.1 and V60.2 ic that in \’60,2 the fluid cemper,!ture I*

Yt°C a, opposed tu 220’C temperature in V60.1. Tha main filntinction betwaan th~oe, otherwise identie.11, QsPvrl-
tlentN Itowo up in ths downstream prohouro historias (migc. in and 11) and tho ma-m flnu r~teo (ria?I l] IIIA l’1~1

Aftar I’ht initial tranrnient, tha precsuro for Vfitl.1 is ●bout 2.3 x 106 P8 (23 bnr) ,1~ cnntrant~d to rmlqhly

i,2 x InL pm (n,l~ h.tr) for VArI,2, Thasa prensurss correspond to saturation pregaur~ for the flui,i t~mprr!tur,,,
I’enpe?l ively. IJith flfi~hing ncc~rrinn in tha valve throat, the maps flow rate reac+eg critical v,~l~loq wl~it’h ~rfl



!ependelt unon the pressure chrou~h the valve. Consequently, the rmxtmm MSS flow rate for ~’611.? 1s approxi-

mately 35”’ qreater than !’60. I . Notice that V60. I and V60. ] ●xhiblc som leakage pa-t tha vaLve after it is sup-

nose,ilv cloned. This in ●videnced hy the positive moo flow ratao after valve closing. In f~ct for \’60.3 (Fig.
Ii), tL appears from the experimental data that tha valw haad actually rebounds at ●ppro~i~tely ~.5 s.

r. ::onlsc .viD ACCIWCY CON51DERATIIW5

In Jrty rw-ric~l integration method, it is lmpOrtant to asaess tha mccuracy of the approximations. In thz

pre~?nt ca9e, this is done in two ways. The firmt and most straightforward nthod la co increasa cha resolution

u! che fln[te difference neoh. This is alno, computationally, the momc costly method. In the SCIL.\-LOOP code,

ther~ is a ~econd, mre efficient nthod to check ●rrors induced by iWMQrtLa~ diffuoion. All convective fl,lx

terls in the SOU-LOOP code are approxirmted by ● mi~ture of crrmared ●nd upstream or donor CC1l finite dlffer-
e:,ce cvpresnionn. The mlytura in controlled by ●n Input parameter ALPHA, such that ● value of untty for ALPH,\
reslllt~ In ,Ionor CC1l differencing, while n zero valuo corraapond~ to centa red differoncir, g. For nu~rlcnl

<tl\llltv, ic is gemrallv mscessary that ALPHA remmin graatar than the largest value of IU16c/6y occurrln~ in
the 7C++. IIowever, the cloaar ALPI-L4 10 to thic mtabiltty limit, the smllcr will be the numerlca, diffusion.
30C11 ,>f these ncc~lracv checks hnvc been incorporated in develo~tnn confidence in the runerlcal $ol,ltt,~n. The

![,I1 acsh confl~llrnc~on WRS determined after applv~,lu mesh refinements and netting ALPILA close to the ~t~billt.’
I!aic with tile rc$~llt{ng @ffect Ming onlv small chnnces [n the solution.

,. I. C!):;(:L\’S1r3:;\

[t lInq been .i+q.>n~[rated thnc the coupling of rmm?rlcnl tooln, such as SnL.\-Ll~OP and a morl..l f,,r [III? .!.,!,l-[:
h~’,~,[or >: .! back -r,:. esgllre che:k v,+lve, can be a tremendous help In deqip,nin~ complex network systeq :.)-,, ,TC-:S
tq ,nr.ler to achieve ~nr ,Jutimum performance chnr~cterigtlc~. C,qlc(llated res”lt~ ore ~een to he in ew:,.!l,,-t

.I:roenent uttll the overall ●xperimental data and in rermrk.qblv qoocl ngreement wit+ the fire ~rru:t~lr., 10: :u.J-

c,lrc~ .1! the ~.lsured qll,lntitles.

\C~.;,,,:L:~;~>!~~TS

~l.L, ,1 ithor wlshcm to ew~rcs8 hig ~npreclat ion for di~cuc$lons ulch F. I{. ‘l~rlow !]nJ ‘1. D. T,)rrc’.’. 7!1{ . ;r

the !’nlted States

ong ,)f Fc~d-’,’acer

eo,lr , SR\r3\0,” Techn, Fnchber[cht PH[)R II-Y() (,\nril IQH{I),

T. .\ !31ipllanc, l{, [.. Riv,lrd, ‘i, C. Rowro, and ‘1. D. Torrcyj “SOL,\- L31)P: ,\ \{lrw,,~~llllhr!ill,

or T’w-Phanc Flnu ir. ‘;ct.’ork s,” Lon Ilanos Xntinmzl Lnborltorv w)ort L\-7h5’~ (’un,, !~-’~.

“Ctrman Stan+ird
Spctlfic;4tlnn;” UIIWl~q~,
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Reactor nressure tank (RPT)
T-connector

S-connector
Sxperlrnental valve

wick-action stop valv~
Shut-off gata ValVe

Circulation pump
Rupture connector
‘!easurinq r~n.qX
!teasurlng ring Ix
!!easuring rllg 111

T-fittfnR
!hll fitting

FtR. 1. experimental pipe sy~tam (from Ref. 1).
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